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• Phase stability, magnetism and generalized electron-filling rule of vanadium-based inverse Heusler compounds Introduction. -Full-Heusler ternary compounds of X 2 YZ composition (with X, Y the transition metals and Z the main-group element) are possible to crystallize in two structure types: when the element X is more electropositive than Y, the compound constructs the well-known Cu 2 MnAl (L2 1 ) structure [1] ; while if the element X is less electropositive, the compound crystallizes in Hg 2 CuTitype structure [2] . The latter is also known as inverse Heusler structure [3, 4] . The large variety of physical properties of the L2 1 Heusler compounds such as half-metallic ferromagnetism (HMFs) [5] [6] [7] , magnetoresistance [8, 9] , superconductivity [10, 11] , magnetic-field-induced shape memeory effect and magnetocaloric effect [12, 13] promises a wide range of applications. The great current interest in inverse Heusler compounds arises, however, at least partly, from the observation of fully compensated half-metallic ferrimagnets in some manganese-based inverse Heusler compounds [14, 15] , which suggests a great (a) E-mail: wenhong.wang@iphy.ac.cn potential in spin-transfer torque applications. Recently, Ouardi et al. [16] have reported that the inverse Heusler compound Mn 2 CoAl is determined to be a spin gapless semiconductor with tunable spin transport, the interest for the inverse Heusler compounds has highly increased.
Among the inverse Heusler compounds, such as chromium-based and manganese-based inverse Heusler compounds [17] [18] [19] , the vanadium-based ones have been underrated until the first report on the half-metallic behavior in 2009 [20] . Thereafter, we [21] have reported that some vanadium-based half-metallic inverse Heusler compounds do not follow the Slater-Pauling (S-P) rule of M t = Z t − 24, where M t and Z t are the molecular spin magnetic moment and the numbers of the valence electrons of Heusler compounds. Very recently, Galanakis et al. [4] proposed a generalized S-P rule for most of the inverse Heusler compounds. However, owing to the fact that the hybridization of the d orbitals for the vanadium atom is very complex, no generalized S-P rule is fully applied to the vanadium-based category. These results prompted us to perform a systematic investigation on such a novel family of inverse Heusler compounds. To this end, in this paper, we proposed a generalized electronic-filling rule to explain the magnetism and the electronic-filling behavior of the vanadium-based inverse Heusler compounds.
Methods. -The electron structure calculations were performed by means of the CASETP code based on a pseudopotential method with a plane-wave basis set [22] . The exchange and correlation effects were treated using the generalized gradient approximation (GGA) [23] . For all cases, the plane wave basis set cut-off was 500 eV, and a mesh of 15 × 15 × 15 k -points was employed for Brillouin zone integrations. The convergence tolerance for the calculations was selected as a difference in total energy within 1 × 10 −6 eV/atom. These parameters ensure good convergences for the total energy. In addition, we set the crystal model as V
in Wyckoff sites for all the selected vanadium-based inverse Heusler compounds.
Results and discussions. -Here, via a schematic representation as shown in fig. 1(a) , we start with a discussion of the possible d-d hybridizations between the transitionmetal atoms for the V 2 YZ inverse Heusler compounds. Following the two papers by Galanakis and his coworkers [4, 24] , we first take into account the hybridization between V(A) and Y atoms within octahedral symmetry. The V(A)-Y bonding gives the births to five bonding and five anti-bonding states, which are 2 × e u ,3× t 1u ,3× t 2g , and 3 × e g from top to bottom. Then these states hybridize with those of the V(B) atom, and finally determine the distribution of 15 d-hybrids in fig. 1(a) . In fact, we can trace these hybridized states in the corresponding electronic band structures. In fig. 1(b) , (c), using V 2 MnGe as a prototype system, we show the spin-polarized band structures with the representations of each d-hybrid. It can be observed that, the band structures in the spinup ( fig. 1(b) ) and the spin-down ( fig. 1(c) ) channels both feature a distinct band gap near the Fermi level. The two gaps within different spin channels, however, originate from distinguishing bonding states: in the spin-up channel, the gap is formed by the separated Γ ′ 12 and Γ 15 states (we define it as gap (1) in the following discussion), originating from the anti-bonding e u and t 1u orbitals; while the band gap separated by Γ 15 and Γ 25 in the spin-down channel should be attributed to the t 1u and the t 2g states (similarly, we define it as gap (2)). Such unique band structures can be observed in most of the vanadium-based inverse Heusler compounds, but are rare in others. For deeper considerations, the vanadium-based inverse Heusler compounds may have the advantages in practical application for: i) it may have a higher opportunity for us to obtain HFMs in these compounds, since both gap (1) and gap (2) can serve as the half-metallic gap; ii) by tuning the Fermi level between gap (1) and gap (2) with varying electron-filling condition or strain, the magnetism of the vanadium-based compounds can be significantly changed. It is due to the fact that the relationship between the molecular spin magnetic moment (M t ) and the numbers of the valence electrons (Z t )o ft h e compounds follows M t = Z t − 24 with the Fermi level in gap (1), while another rule, M t = Z t − 18, is applied for the gap-(2) case [21, 24] .
We note that, in the band structures of the vanadiumbased inverse Heusler compounds, just as the V 2 MnGe compound behaves, the bottom of the conduction band in the spin-down channel is usually lower than the top of valence band in the spin-up channel. Based on this
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Phase stability, magnetism and generalized electron-filling rule etc. character of the band structures, in fig. 2 we propose an electron-filling rule for the vanadium-based inverse Heusler compounds. Figures 2(a) , (b) and (c) show three representative electron-filling states and we denote them as state (I), (II) and (III), respectively. State (I) is suitable to the system with limited valence electrons (Z t < 21). Under this state, the Fermi level situates in gap (2) and the compounds exhibit positive M t , since more electrons occupy the spin-up channel. Then with the increase of the Z t by varying the Y or Z atoms, the new-coming electrons fill the band in the spin-up channel and lift the Fermi level. Consequently, the M t of the compounds will increase until it reaches state (II), where the Fermi level just surmounts the bottom of the conduction band in the spin-down channel, as shown in fig. 2(b) . For the V 2 YZ compounds with even larger Z t , the Fermi level further lifts and even steps over the top of the valence band of the spin-up channel, as state (III) shows in fig. 2(c) . Obviously, the M t of the compounds will decrease with the increase of Z t under this state, since the new coming electrons are prior to filling the bands in the spin-down channel. Therefore, from the given electron-filling rule, the M t of the vanadium-based inverse Heusler compounds is expected to increase first and then decrease with the increase of Z t within a whole electron-filling process from state (I) to (III), which is different from the monotone change between M t and Z t in other Heusler compounds.
To test the electron-filling rule, we perform a systematic calculations on the V 2 YZ (Y = Cr, Mn, Fe; Z = Ga, Ge, As, Se) inverse Heusler compounds. We have summarized the equilibrium lattice constant/strain condition, the location and width of the half-metallic gap, the spin polarization ratio (P ), the molecular and atomic spin magnetic moments in table 1. Furthermore, to examine the phase stability of the V 2 YZ Heusler compounds, the formation energy is calculated using the formula E b = (E tol − 2 * E V − E Y − E Z ), in which E b is the formation energy, E tol is the energy of the V 2 YZ compounds, and E V /E Y /E Z respectively represents the energy when the V/Y/Z element crystallizes in pure metal. We display the results in fig. 3 , where the formation energy for the compounds under equilibrium and the strained states are given in solid and hollow shapes, respectively. The calculated formation energy turn out to be negative comparable for most of the compounds under study, indicating that they are promising to be synthesized for experimental characterization.
In fig. 4(a) we plot the total spin magnetic moment (M t ) as a function of the number of valence electrons of the Z element for the V 2 YZ (Y = Cr, Mn, Fe; Z = Ga, Ge, As, Se) Table 1 : (Color online) The calculated equilibrium lattice constants/strain condition, the location and width of the half-metallic gap, the spin polarization (P ), the molecular and atomic spin magnetic moments for the V2Y Z( Y=C r ,M n ,F e ;Z=G a ,G e , As, Se) inverse Heusler compounds. inverse Heusler compounds. The M t for the compounds under equilibrium and the strained state are given in solid and hollow shapes, respectively. For the V 2 CrZ (Z = Ga, Ge, As, Se) category, M t first increases and then decreases with a maximum of ∼3µ B from Z = Ga to Se, which is well consistent with the prediction of the electron-filling rule.
To be specific, state (I) (see fig. 2 (a)) can offer a good description of the electron-filling state for V 2 CrGa and V 2 CrGe, while states (II) and (III) (see fig. 2 (b) and (c)) are suitable for V 2 CrAs and V 2 CrSe, respectively. The V 2 MnZ (Z = Ga, Ge, As, Se) category is similar to V 2 CrZ (Z = Ga, Ge, As, Se), and the electron-filling process can be described as state (I) (for V 2 MnGa) → state (II) (for V 2 MnGe) → state (III) (for V 2 MnAs and V 2 MnSe) with varying the Z atom. It is worth noting that the compounds with Z t = 21 have the largest M t of the V 2 YZ system with a value of ∼3µ B , and the electron-filling condition corresponds to state (II). Unlike the V 2 CrZ and V 2 MnZ compounds, the M t of the V 2 FeZ (Z = Ga, Ge, As, Se) category shows a monotone decrease with the increase of Z t by varying Z atoms. The reason is that, the V 2 FeZ compounds possess a larger Z t (≥ 21) than the two former categories, thus the electron-filling process skips state (I) but starts from state (II) for V 2 FeGa, inducing the decrease of M t with extra electrons introduced by Ge, As or Se atoms occupying the bands in the spin channel. These results show that the electron-filling rule can nicely explain the magnetism of the V 2 YZ (Y = Cr, Mn, Fe; Z = Ga, Ge, As, Se) inverse Heusler compounds. Next, we apply the electron-filling rule to two previous categories of vanadium-based inverse Heusler compounds. In ref. [20] , the magnetism of the V 2 YSb (Y = Cr, Mn, Fe, Co) compounds is studied. We present the M t of the compounds as a function of the number of valence electrons of the Y atom in fig. 4(b) . It is found that, the M t of the V 2 YSb (Y = Cr, Mn, Fe, Co) compounds monotonically decreases from 3µ B to 0µ B with the Y atom varying from Cr to Co. It is similar to the V 2 FeZ (Z = Ga, Ge, As, Se) category, performing an incomplete electron-filling process, which can be described as state (II) (for V 2 CrSb) → state (III) (for V 2 MnSb, V 2 FeSb and V 2 CoSb). The other category, namely V 2 YAl (Y = Cr, Mn, Fe, Co) compounds [21] , also follows the electron-filling rule, performing a nonmonotonic change of M t within the whole electron-filling process: state (I) (for V 2 CrAl and V 2 MnAl) → state (II) (for V 2 FeAl) → state (III) (for V 2 CoAl).
Finally, we should point out that a large distortion to the cubic lattice may break the electron-filling rule for the vanadium-based inverse Heusler compounds. For comparison, in fig. 5(a) and (b) , we show the effects of a 20% hydrostatic expansion to the cubic lattice on reconstructing the band structure near the Fermi level for the V 2 FeGa compound. The electron-filling rule predicts that the
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Phase stability, magnetism and generalized electron-filling rule etc. [20] and [21] . In (a) and (b), the Mt for the compounds under equilibrium and strained states are given in solid and hollow symbols, respectively. 
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V 2 FeGa with 21 valence electrons is just an ordinary ferromagnetic compound, since the Fermi level cuts both the valence band in the spin-up channel and the conduction band in the spin-down channel. We found that, as fig. 5(a) shows, consistent electronic structure details to the electron-filling rule. However, as shown in fig. 5(b) , the strained V 2 FeGa exhibits distinct electronic structures and electron-filling behavior: in the spin-up channel, the conduction and the valence bands are no longer separated but overlapping between the M and R directions; however, in the spin-down channel, the band gap remains but the Fermi level happens to locate within the gap, showing a semiconducting behavior. It indicates that the strained V 2 FeGa is a half-metallic phase. The reconstruction of the electronic structure and the electron-filling behavior induced by strain can be attributed to the change of the hybridization strength between atoms, which is very common in the Heusler compounds.
Summary. -Most of the vanadium-based inverse Heusler compounds feature a novel band structure, where the band gaps near the Fermi level in different spin channels originate from distinguishing bonding states: the band gap in the spin-up channel is attributed to the antibonding e u and t 1u orbitals; while the spin-down one originates from the anti-bonding t 1u and the bonding t 2g states. Accordingly, we propose a generalized electron-filling rule and predict that the molecular spin magnetic moment (M t ) of the vanadium-based inverse Heusler compounds will increase first and then decrease within a complete electron-filling process. The electron-filling rule is proved to well apply to the V 2 Y Z( Y=C r ,M n ,F e ;Z=G a ,G e , As,Se),V 2 YSb(Y=Cr,Mn,F e,Co)andV 2 YAl (Y = V, Cr, Mn, Fe, Co, Ni) inverse Heusler compounds. * * * This work is supported by the National Basic Research Program of China (973 Program 2012CB619405) and National Natural Science Foundation of China (Grant Nos. 51071172, 51171207 and 51171206).
